Introduction
Plants have developed a variety of strategies and mechanisms in response to changes in the environments. In particular, drought caused by water shortage and/or patchy rainfall distribution is the major abiotic factor limiting crop productivity worldwide (Boyer 1982 , Ciais et al. 2005 . To survive drought, plants optimize their morphology, physiology and metabolism at the organ and cellular levels (Levitt 1980) . Strategies for drought resistance include: (i) drought escape, via a short life cycle or developmental plasticity (Araus et al. 2002) ; (ii) drought avoidance, via enhanced water uptake and reduced water loss (Chaves et al. 2002 , Price et al. 2002 ; and (iii) drought tolerance, via osmotic adjustment, enhanced antioxidative capacity and physical desiccation tolerance of the organs Oliveira 2004, Ramachandra Reddy et al. 2004) . Recent research has uncovered physiological-, biochemical-and molecular-based mechanisms involved in the drought resistance in plants (Denby and Gehring 2005 , Mahajan and Tuteja 2005 , Vinocur and Altman 2005 , Yue et al. 2005 , Yue et al. 2006 .
Among plant organs, root tissue is severely affected by drought due to its direct contact with drying soil. Therefore, the root system has developed various defense mechanisms against drought. Previous studies have revealed the induction of stress defense mechanisms in plant roots, as well as the structural adaptation of root architecture under drought conditions (Schiefelbein and Benfey 1991 , Chazen and Neumann 1994 , van der Weele et al. 2000 , Spollen et al. 2002 , Bassani et al. 2004 , Brinker et al. 2004 , West et al. 2004 , Asch et al. 2005 , Malamy 2005 ). Furthermore, quantitative trait loci (QTL) mapping has been used to analyze the genetic basis of several root traits which might be involved in drought resistance , Yue et al. 2005 . However, because of its complexity for the phenomenon encompassing multiple physiological and biochemical processes at both an organ and cellular level, knowledge of the molecular and biochemical mechanisms of drought resistance in plant roots has remained limited so far.
Recent advances in proteomics have made it possible to perform large-scale, quantitative and reproducible studies on the effect of various stress factors on protein composition. Proteomics has been successfully applied to a wide variety of plant species (Salekdeh et al. 2002 , Tafforeau et al. 2002 , Majoul et al. 2003 , Majoul et al. 2004 , Cui et al. 2005 , Dani et al. 2005 , Hajheidari et al. 2005 , Khan et al. 2005 , Ndimba et al. 2005 , Taylor et al. 2005 . Nevertheless, there have been few published proteomic studies on plant responses to drought. A proteome analysis of the leaves from two genotypes of sugar beet revealed a variety of drought-responsive proteins, including proteins involved in redox regulation, oxidative stress response, molecular chaperones and signal transduction, suggesting that the leaf proteome plays an important role in coping with the stress (Hajheidari et al. 2005) . However, there has been no large-scale proteomic evaluation of the effect of drought stress on plant roots.
Wild watermelon (Citrullus lanatus sp. No101117-1) inhabits the Kalahari Desert in Botswana and exhibits exceedingly high drought tolerance, although it carries out C 3 -type photosynthesis (Kawasaki et al. 2000, Miyake and . The photosynthetic apparatus of the plant remains intact during prolonged drought under strong light owing to a number of mechanisms in the leaves, which play individual roles to enhance stress resistance (Akashi et al. 2001 , Yokota et al. 2002 , Nanasato et al. 2005 , Takahara et al. 2005 . Furthermore, ecological studies have shown that wild watermelon plants extend their root system into deep soil layers, and the root functions not only for water uptake but also for water storage (Larcher 1995) . Therefore, wild watermelon is an attractive experimental model to study how roots contribute to the successful adaptation to the arid environments (Yokota et al. 2006) .
This study investigated root development of wild watermelon in response to drought stress, and identified drought-responsive proteins in the root tissues by proteomic analysis. The findings disclosed intriguing behavior of the wild watermelon roots, which switch their stress-resistant strategies sequentially from drought avoidance to drought tolerance, via the programmed induction of distinct sets of defensive protein factors in the roots.
Results

Effect of drought stress on root development
To study the effect of drought stress on the root growth of wild watermelon, total root biomass of the seedlings was measured under the stress. One-week-old wild watermelon seedlings, grown in Isolite TM with moderate light intensity (250 mmol photons m -2 s -1 ), were subjected to drought stress by withholding watering (hereafter denoted as moderate light condition). The soil water content decreased linearly during the course of drought treatment as follows: values for unstressed, stressed for 2, 4 and 7 d were 41.7, 34.2, 27.5 and 15.3% (w/w), respectively. On day 4 after the start of drought stress, the dry weight of wild watermelon roots was higher than that in the well-watered plants, while there was no significant difference in their shoot growth (Fig. 1) . The increase in root dry weight stopped on day 5 after cessation of watering. No significant change in the ratio of root dry , grown under moderate light intensity (250 mmol photons m -2 s -1 ) for 1 week, were subject to drought stress by withholding watering. Shoot and root biomass of the seedlings (indicated by the dry weight) was measured on days 0, 2, 3, 4, 5 and 7 after the cessation of watering. Open circles, well-watered wild watermelon; filled circles, drought-stressed wild watermelon; open diamonds, well-watered domestic watermelon; filled diamonds, drought-stressed domestic watermelon. Data are the mean AE SD of three independent experiments. Ã Significant differences (P50.05).
weight to primary root length, an indicator of lateral root development, was observed in either stressed or well-watered wild watermelon plants throughout the experimental period (data not shown). In domesticated watermelon, in contrast, no drought-induced stimulation of root growth was observed, and shoot growth was severely inhibited on day 7 of the stress in comparison with its irrigated control (Fig. 1) .
To examine whether the root growth maintenance under drought stress observed above is a general trait in wild watermelon plant throughout its developmental stages and/or under various environmental conditions, we analyzed the response of root growth in this plant at a more mature stage, which was grown under higher light intensity. The plants were grown for 2 weeks at a light intensity of 800 mmol photons m -2 s -1 , until their fourth leaves were fully expanded, then subjected to drought stress by withholding irrigation (hereafter denoted as high light condition). The combination of high light and water deficits is a typical environmental condition that plants encounter in arid regions (Yokota et al. 2002) . Although the transpiration rate of the fourth leaves dropped sharply on day 1 after stopping irrigation (520%), and was completely suppressed on day 3 of the stress, no wilting of the leaf tissue was observed throughout the experimental period (data not shown), as previously reported (Takahara et al. 2005) . Soil water content decreased linearly under the high light condition as follows: values for unstressed, and stressed for 1 and 3 d were 41.3, 32.8 and 12.5% (w/w), respectively. We note that the soil water content on day 1 after the onset of drought stress in the high light condition was similar to that on day 4 of the drought stress in the moderate light condition as described above. Under the high light condition, the root dry weight of unstressed plants was 0.265 AE 0.037 g plant -1
(n ¼ 5), quickly increased to 0.331 AE 0.088 g plant -1 (n ¼ 5) on day 1 of the stress, and then declined to 0.295 AE 0.016 g plant -1 (n ¼ 7) on day 3. Taken together, these observations demonstrated that wild watermelon maintains its root growth at the early stage of drought stress under the two conditions employed here. In contrast, the plant suppresses its root growth at the later stage of the stress, where soil water content drops below 20%.
Identification of drought stress-responsive proteins using two-dimensional electrophoresis and LC-MS/MS
To explore the molecular mechanisms underlying the physiological response of wild watermelon roots described above, comprehensive proteome analysis was carried out to identify drought-responsive proteins in the roots. Since large amounts of root proteins of homogeneous quality are required for proteomic analysis, wild watermelon plants grown in the high light condition described above were used for the experiments. Soluble proteins were extracted from the roots of wild watermelon plants subjected to drought for 0, 1 and 3 d. The proteins were then separated by twodimensional electrophoresis (2-DE) using isoelectric focusing (IEF) in the first dimension and SDS-PAGE in the second dimension. More than 1,500 protein spots were reproducibly detected on each gel. To detect droughtresponsive proteins whose amounts were altered by the stress, comparative proteomic analysis was carried out using at least three gels obtained from three individual plants. Representative 2-DE maps of root soluble proteins are shown in Fig. 2A-C. Quantitative analysis of the gels revealed that the intensity of 36 spots significantly increased on day 1 of the drought stress (denoted as 'IE-series' for increased at the earlier stage), whereas 46 spots showed a significant increase in intensity on day 3 of the stress (denoted as 'IL-series' for increased at the later stage) (Table 1) . Furthermore, the intensity of 14 spots decreased on either day 1 or 3 after the onset of stress (denoted as 'D-series').
These protein spots were examined further by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Mass data collected during the analysis were subjected to a homology-based search using the plant protein database (NCBI) and an expressed sequence tag (EST) database from wild watermelon (7,000 independent clones; K. Akashi and A. Yokota, 2007, unpublished data) . Owing to the wealth of plant sequence information including various Cucurbitaceae plants such as Cucumis melo, Cucumis sativus, Cucurbita maxima and Cucurbita pepo in the NCBI database, 93 out of 96 drought-responsive proteins were identified with high reliability (P50.01) ( Table 1) . Diverse functions were annotated for the drought-induced proteins, which were grouped into seven functional categories as follows: root morphogenesis-related proteins (representing 11.1 and 2.2% of the total IE and IL proteins, respectively), carbon and nitrogen metabolismrelated proteins (36.1 and 19.6%), lignin synthesis-related proteins (8.3 and 13.0%), molecular chaperones (5.6 and 19.6%), reactive oxygen species (ROS) metabolism-related proteins (8.3 and 8.7%), proteolytic enzymes (11.1 and 10.9%), translation-related proteins (8.3 and 6.5%) and others (11.1 and 19.6%) ( Table 1 ). These will be described separately below.
Proteins related to root morphogenesis
Actin (IE46) and a-tubulin (IE50 and IL93), which are typical cytoskeleton-related proteins, were identified as drought-induced proteins (Table 1) . A similar observation was demonstrated in Arabidopsis suspension cell cultures in response to salt and osmotic stresses (Ndimba et al. 2005) . Surprisingly, an increase in the abundance of two types of Ran GTPase (IE65 and IE66), which is one of the important -2 s -1 ) for 2 weeks, and were subject to drought stress by withholding watering. Proteins from unstressed plants (A), drought-stressed for 1 (B) and 3 d (C) were separated by 2-DE. Proteins on the gels were stained with colloidal Coomassie blue. Numbers on the left and above the gels represent apparent molecular masses and pI values, respectively. Numbered spots denote the identifications detailed in Table 1 .
Drought response of wild watermelon rootssmall G-protein families in organisms, was observed under the drought stress (Table 1) . Ran GTPase is known to function in many cellular processes, including nuclear transport, cell cycle control, post-mitotic nuclear assembly and spindle assembly (Dasso 2001 , Vernoud et al. 2003 . As far as we know, this is the first report showing that Ran GTPase is induced by environmental stimuli in plants. Up-regulation of the Ran GTPase was observed on day 1 of the stress, which was correlated with the timing of root growth stimulation as described above.
Carbon and nitrogen metabolism-related proteins
A number of enzymes related to carbon and nitrogen metabolism were found to be drought responsive in the roots of wild watermelon. Four isoforms of triosephosphate isomerase (protein spots IE71, IL76, IE77 and IL78) and malate dehydrogenase (IL48), which are involved in the glycolytic pathway and citric acid cycle/gluconeogenesis, respectively, were identified as drought-induced proteins (Table 1) . Levels of various proteins related to carbon metabolisms, such as a-mannosidase (IE05), UDP-sugar pyrophosphorylase (IE08), NADP-malic enzymes (IE09, IE10 and IL12), phosphoglucomutase (IE13) and UDPglucose-6-phosphate dehydrogenase (IE22) were also increased by drought stress. Several environmental stresses have been shown to cause changes in the pool of various free amino acids in plant cells (Ndimba et al. 2005 , Yan et al. 2005 . In this study, levels of some amino acid biosynthesis-related proteins were affected by drought stress in the root of wild watermelon. Two spots for glutamine synthetase 1 (GS1; IE40 and D56) were found to be either increased or decreased under drought stress (Table 1) , which may suggest differential roles for these isozymes in wild watermelon roots under drought. In addition, the amount of methionine synthase (IE04) was increased by the stress. Many of the carbon/nitrogen metabolism-related proteins were found to be up-regulated on day 1 after cessation of watering, suggesting that a global change occurred in the cellular metabolism in the roots at the earlier stage of the drought stress.
Lignin synthesis-related proteins
Levels of caffeoyl-CoA 3-O-methyl-transferases (IE60 and IL68) increased in the roots of wild watermelon under drought (Table 1) . Caffeoyl-CoA 3-O-methyl-transferase plays a crucial role in the synthesis of monolignols, which serve as a precursor for lignin (Busam et al. 1997) . No., spot number corresponding to spots in Fig. 1 ; Fold increase, the average fold increase in spot intensities on days 1 and 3 after starting the stress compared with those before the stress from three independent experiments; Protein ID, matched protein description; Accession No., accession number of the matched protein from the NCBI database; Organism, the organism of the matched protein; M r Gel (kDa), apparent molecular mass of the protein on the gel; M r Pre (kDa), predicted molecular mass of the deduced amino acid sequence of the matched protein; pI Gel, apparent pI value of the protein on the gel; pI Pre, predicted pI value of the deduced amino acid sequence of the matched protein; Score, the score obtained from Mascot TM for each match; Coverage (%), percentage of the covered region of the identified peptide sequences in the matched protein; NP, number of matched peptides; IE, proteins with increased levels at the earlier stage; IL, proteins with increased levels at the later stage; D, proteins with decreased levels during the drought stress. An asterisk indicates a significant differences (P50.05). a K. Akashi and A. Yokota, unpublished data. Drought response of wild watermelon roots were found to be induced in the drought-stressed roots. Plant peroxidase together with laccase plays a role in lignin synthesis by oxidative coupling of three p-hydroxycinnamyl alcohols, p-coumaryl, coniferyl and sinapyl alcohols (Ros Barcelo´1997). Changes in the cell wall components, including several types of lignin, were observed in maize roots under various abiotic stresses (Degenhardt and Gimmler 2000) . It is noteworthy that most of these lignin synthesis-related proteins were induced at the later stage of the stress in wild watermelon (Table 1) , where soil water content severely dropped to below 20% (w/w) as described above.
Molecular chaperones
Massive accumulation of several types of heat shock proteins (Hsps) was observed under drought stress conditions (Table 1) . Levels of Hsp20.1 (IL91), Hsp70 (IL07), Hsp82 (IL11), Hsp90 (IE17) and two isoforms of Hsp90.2 (IL06 and IL39) were increased. Amounts of disulfide isomerases (IL18 and IL20), which function in the formation and rearrangement of disulfide bonds in proteins, and GrpE-like protein (IL55), a nucleotide exchange factor of the DnaK chaperone system, were also increased by the drought stress. Accumulations of these molecular chaperones were observed mainly at the later stage of drought stress (Table 1) .
ROS metabolism-related proteins
In the aerial parts of plants, it is well recognized that drought stress is accompanied by the enhanced production of ROS, such as singlet oxygen, superoxide radical, hydroxyl radical and hydrogen peroxide (Noctor and Foyer 1998 , Mittler 2002 , Noctor et al. 2002 . Until now, several unique factors have been characterized in the leaves of wild watermelon, which potentially function as scavengers of ROS produced under drought stress (Kawasaki et al. 2000 , Akashi et al. 2001 , Akashi et al. 2004 , Nanasato et al. 2005 .
Interestingly, the present study revealed that several ROS metabolism-related proteins were induced in the root tissue, on either day 1 or day 3 after the drought onset (Table 1) . Accumulation of dehydroascorbate reductase (IE79), quinone reductases (IL80, IE84 and IE86), gglutamylcysteine synthetase (IL30) and glutathione S-transferases (IL81 and IL85) was observed under drought stress. Quinone reductase, which catalyzes the reduction of quinines to hydroquinones, bypasses semiquinone radical production by one-electron redox recycling of quinines, thus preventing the generation of ROS (Rasmusson et al. 2004) . Glutathione S-transferase is an enzyme responsible for neutralizing xenobiotics by facilitating their conjugation with glutathione (Edwards et al. 2000 , Dixon et al. 2002 , Mullineaux and Rausch 2005 ). An increase in the protein levels and/or the activity of ROS-related enzymes under osmotic stress has also been reported in the roots of various plant species (Shalata et al. 2001 , Mishra and Das 2003 , Di Baccio et al. 2004 , Mittova et al. 2004 ).
Proteolytic enzymes
Large numbers of proteolysis-related proteins were identified in the spots whose intensities increased either at the earlier or the later stages of drought stress (Table 1) . These include leucine aminopeptidases (IL25 and IL26), ubiquitin family protein (IE38), cysteine proteases (IE59 and IE67), multicatalytic endopeptidase (IE83) and 20S proteasome subunit a (IL73 and IL74) and b (IL72). Similar observations were demonstrated in the leaves of Arabidopsis and rice under environmental stress conditions, such as cold, salinity and osmotic shock (Cui et al. 2005 , Ndimba et al. 2005 .
Proteins related to translation
The levels of several proteins associated with protein synthesis increased under drought stress (Table 1) , which include subunits of ribosomal proteins (IL58 and IE96) and translation elongation factors (IL31 and IE54). It has been reported that the levels of several transcription-and translation-related proteins are increased by salt and osmotic stress conditions, in which many defensive proteins are newly produced to enhance stress resistance (Ndimba et al. 2005 ).
Other proteins
A number of proteins with unknown functions were detected as drought-responsive proteins in wild watermelon roots. Among them, the level of a miraculin-like protein (taste-modifying protein; IL88) was increased under drought stress. It has been reported that the miraculin-like proteins in Citrus jambhiri Lush, RlemMLP1 and RlemMLP2, were induced by wounding, inoculation with conidia of Alternaria alternata and treatment with methyl jasmonate vapor, suggesting the possible defensive function of these proteins against wounding and pathogen invasion (Tsukuda et al. 2006) . DRIP1 (IL34, IL36 and IL37) is a homolog of acetylornithine deacetylase, and massive induction of this protein under drought has been described in the leaf tissue of wild watermelon (Kawasaki et al. 2000) . However, the physiological role of this protein has not yet been elucidated (Takahara et al. 2005) . These droughtresponsive proteins with so far 'unknown' physiological functions may imply the existence of as yet uncharacterized mechanisms for drought resistance in the roots of this plant.
Discussion
Root development of wild watermelon in response to drought stress
The present study revealed that root growth was significantly enhanced at the early phase of drought stress in wild watermelon. The growth enhancement was observed in the two distinct experimental conditions in which different growth stages and growth light intensity were employed, suggesting that the root growth maintenance under drought stress is a general trait in wild watermelon plant irrespective of its developmental stages and/or under various environments. It has been recognized that an important trait of the root system in response to water deficit is an ability to maintain root elongation at a soil water potential low enough to inhibit shoot growth completely (Sharp et al. 2004 ). The maintenance of root growth under water deficit is an obvious benefit for the enhancement of water uptake, and serves as an efficient strategy for drought avoidance. The root growth maintenance also helps seedling establishment under dry conditions by ensuring a supply of water before shoot emergence (Sharp and Davies 1979 , Westgate and Boyer 1985 , Sharp et al. 1988 , Spollen et al. 1993 , van der Weele 2000 . Observations in this study therefore indicate that wild watermelon roots have mechanisms for drought avoidance, via enhanced development of the root system to take up water from deep soil layers, at the early stage of drought stress.
On the other hand, suppression of root growth was observed at the later stage of drought stress in wild watermelon. This growth suppression may be related to the execution of drought tolerance mechanisms, since the root tissue should cope with the decreasing soil water potential without acquiring new water resources.
Programmed proteome response for drought avoidance/ tolerance in wild watermelon roots under drought stress
The large-scale investigation on the root proteome revealed that two different expression patterns were recognized among drought-induced proteins identified in this study: the one that was induced at the early stage of drought stress, and the other that was accumulated at the later stage where soil water content dropped below 20%.
Among the drought-induced proteins, factors related to carbon/nitrogen metabolism were prevalent in the earlier stage of drought stress. This observation suggests that a global change occurs in the cellular primary metabolism in this stage. This behavior may also reflect an increased energy demand and/or enhanced mobilization of metabolites at this stage, where build up of the root architecture as described above, as well as cellular activities in the root tissues, are likely to be stimulated to absorb scarce water resource in the deep soil layer.
Proteins related to root morphogenesis/growth were also induced at the earlier stage of the stress. Among them, Ran GTPase relates to various cellular processes, such as nuclear transport, cell cycle control, post-mitotic nuclear assembly and spindle assembly (Dasso 2001 , Vernoud et al. 2003 . In plants, it has been suggested that Ran GTPase is implicated in the regulation of root morphogenesis (Kim et al. 2001 , Wang et al. 2006 . Transgenic Arabidopsis plants suppressing the expression of Ran-binding protein (AtRanBP1c), which maintains Ran GTPase in the GDPbound form in cytosol, showed auxin hypersensitivity and enhanced primary root growth (Kim et al. 2001 ). In addition, Arabidopsis plants overexpressing the Ran gene from Triticum aestivum showed an increased proportion of cells in the G 2 phase of the cell cycle, leading to increased primordial tissue, a reduced number of lateral roots and stimulated hypersensitivity to exogenous auxin (Wang et al. 2006) . Induction of Ran GTPase in the roots, together with its proposed functions in the literatures, is consistent with our observations that development of the root system was enhanced at the early stage of the stress (Fig. 1) , where the drought avoidance mechanism may take place to absorb water from deep soil layers. Therefore, it is probable that Ran GTPase might play a crucial role in the regulation of cell division in the root of wild watermelon plants, thereby contributing to the enhancement of root growth during the early stage of the stress.
Interestingly, proteins induced at the later stage of drought stress tended to have different functional features compared with those induced at the early stage. For example, induction of lignin synthesis-related proteins was observed mostly at the later stage. It is possible that these lignin synthesis-related proteins may function in the alteration of lignin composition in the root of wild watermelon, thereby improving the mechanical strength of the root tissues in the severely drying soil layer. This view is consistent with our observations that the increase in the root growth ceased at the later stage of the stress, suggesting the implementation of a drought tolerance mechanism in this period.
Molecular chaperones are the other examples where induction was observed primarily at the later stage of drought stress. Various types of molecular chaperones were found to be up-regulated in this study, suggesting the important roles of this family in coping with the stress. Among these, Hsp70 has been known to function in preventing protein aggregation and in assisting refolding of non-native proteins, under both normal and stress conditions (Hartl 1996 , Frydman 2001 . Furthermore, small Hsps were shown to maintain mitochondrial electron transport during salt stress, mainly by protecting NADH:ubiquinone oxidoreductase activity (Complex I) (Hamilton and Heckathorn 2001) . Note that no change in the soil temperatures was observed under experimental conditions (data not shown), although watermelon plants close their stomata on the leaves to avoid water loss with a consequent increase in the leaf temperature (Yokota et al. 2002 , Takahara et al. 2005 . These reports and our findings Drought response of wild watermelon rootssuggest that these Hsps are not related to high temperature resistance per se, but rather the results indicated that cellular proteins in the roots are plausibly exposed to the increasing risks of denaturaton and aggregation with the progression of drought stress, and molecular chaperones induced during the stress may have essential roles in counteracting these risks.
Further complexity of the expression pattern was observed for the proteins involved in ROS metabolism, proteolysis and translation, where the individual factors were induced at either the earlier or the later stage of the stress. Induction of ROS-related factors suggests that drought stress is accompanied by the production of ROS in the roots, and the induction of ROS-related enzymes may be involved in the protection of root tissues from oxidative damage under the stress conditions.
The physiological roles of proteolytic enzymes are diverse, as they are necessary both for processing proteins from an inactive to active states and for recycling redundant/damaged polypeptides (Schwechheimer and Schwager 2004) . It has been known that protein degradation via the ubiquitin-proteasome pathway plays a pivotal role in controlling cellular processes, such as cell cycle progression and transcriptional control in eukaryotic cells (Hershko and Ciechanover 1998) . It is possible that induction of proteolytic enzymes, together with the upregulation of translation-related factors, is related to the biosynthesis of novel proteins involved in the drought resistance mechanisms in the roots of wild watermelon.
In conclusion, the results obtained here strongly suggest that a temporally programmed change in the root proteome of wild watermelon plays a crucial role in surviving severe drought stress; this survival might be accomplished by the conversion of the resistance strategies during the progression of drought stress, from drought avoidance by enhancing root development at the earlier stage of stress, to drought tolerance in which the defensive machinery in the tissues/ cells is fortified. This study raises a number of new questions on the drought resistance mechanisms and their regulatory networks in plants: the issues include (i) to what degree the molecular responses observed in this study are universal in other plants, and (ii) to what extent the transcriptional and translational regulation is correlated in these droughtresponsive factors. Further studies will be required to understand the intricate molecular mechanisms and their networks in the plant roots, involved in the adaptation to the changing environments.
Materials and Methods
Plant material and growth conditions
In the moderate light condition, wild watermelon (C. lanatus L. sp. no. 101117-1) and domesticated watermelon (C. lanatus L. cv. Sanki) were grown in a growth chamber (16 ) in 500 ml paper pots, and 2-week-old plants with fully expanded fourth leaves were used in the experiments. Drought stress was inflicted on the plants by cessation of watering. To prevent injury to the roots, the ceramic soils were quickly removed by soaking the pot in a large volume of water, then the roots were immediately frozen in liquid nitrogen and stored at -808C until protein extraction.
Analysis of physiological parameters
Soil, shoot and root tissues were dried in an oven at 708C for 24 h (Kawasaki et al. 2000) . Soil water content was calculated as [(soil weight) -(dried soil weight)]/(soil weight)Â100 (%). The water content of shoot and root tissues was calculated as [(fresh tissue weight) -(dried tissue weight)]/(fresh tissue weight) Â 100 (%).
Protein extraction
All procedures were performed on ice. Roots (2-3 g) were ground in liquid nitrogen using a mortar and pestle, and suspended in extraction buffer [100 mM potassium phosphate buffer, pH 7.0, 2 mM MgCl 2 , 10 mM NaCl, 1 mM EDTA, 10 mM b-mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. The extract was centrifuged for 30 min at 100,000 Â g, and proteins in the supernatant were precipitated with 10% (w/v) trichloroacetic acid. After centrifugation for 30 min at 10,000 Â g, the pellet was resuspended in 80% (v/v) acetone, followed by the centrifugation for 10 min at 10,000 Â g. This washing step was repeated a number of times. The resulting pellet was resuspended in 2-DE buffer [7 M urea, 2 M thiourea, 4% (w/v) CHAPS and 1% (v/v) pH 4-7 IPG buffer (GE Healthcare, Little Chalfont, UK)]. Protein concentration was determined using a 2-D Quant Kit (GE Healthcare), using bovine serum albumin as standard.
Two-dimensional electrophoresis
For IEF, the Multiphor TM II system (GE Healthcare) and IPG strip (pH 4-7 linear gradient, 24 cm, GE Healthcare) were used according to the manufacturer's recommendations. To minimize experimental errors, protein samples from different plants were subjected to IEF at the same time. The IPG strips were rehydrated for 12 h in 450 ml of 2-DE buffer contaning protein samples (350 mg each). Focusing was performed at 158C with the following steps: a 0-500 V gradient for 1 min, 500 V for 4 h, a 500-3,500 V gradient for 8 h and 3,500 V for 40 h. The gel strips were then equilibrated in reducing buffer [50 mM pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS and 65 mM dithiothreitol (DTT)] for 15 min, and subsequently in alkylation buffer [50 mM pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS and 135 mM iodoacetamide] for 15 min. SDS-PAGE was performed with 12.5% gels using the Ettan Daltsix Electrophoresis System (GE Healthcare). The gels were run at 2.5 W per gel, stained using the Colloidal Blue Staining Kit (Invitrogen, Carlsbad, CA, USA) for 24 h and then scanned by the ProPic system (Genomic Solutions, Ann Arbor, MI, USA).
Image and data analysis
Gel image analysis including spot detection, spot measurement, background subtraction and spot matching was carried out using a HT analyzer TM (Genomic Solutions). At least three gels from each stressed period in three independent experiments were used for the analysis. Prior to performing spot matching between gel images, one gel image was selected as reference gel. The amount of a protein was expressed as the spot volume which was defined as the sum of the intensities of all the pixels that make up the spot in question. To correct the variability due to colloidal Coomassie blue staining and to reflect the quantitative variations of protein spots, the spot volumes were normalized as a percentage of the total volume in all of the spots in the gel. Only spots with statistically significant (P50.05) and reproducible changes of their volumes were considered to be differentially accumulated proteins.
LC-MS/MS analyses and database search
In-gel digestion was performed as described previously (Shevchenko et al. 1996) , with some modifications. Protein spots were excised from the gels, washed with ultrapure water, destained with 100% acetonitrile, reduced with 10 mM DTT in 100 mM NH 4 HCO 3 , alkylated with 55 mM iodoacetamide in 100 mM NH 4 HCO 3 and dried twice with 100% acetonitrile. Protein samples were digested by 12.5 ng l -1 trypsin in 50 mM NH 4 HCO 3 at 378C for 16 h. Digested peptides were extracted initially with 50 mM NH 4 HCO 3 /acetonitrile (1 : 2, v/v) and then extracted twice with 5% aqueous formic acid/acetonitrile (1 : 2.5, v/v). The combined extracts were dried and the peptides were resuspended in 5% aqueous formic acid. The peptides were analyzed by an ion trap tandem mass spectrometer (LCQ-Advantage, Thermo Electron, Walton, MA, USA). MS/MS spectra were accumulated for 5 s (m/z 50-2,000). A processing script was used to generate data suitable for submission to the database search program (Mascot, Matrix Science http://www.matrixscience.com/) using the plant protein database from NCBI and the EST database for wild watermelon.
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